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 
Abstract— An element spacing of less than half a wavelength 
introduces strong mutual coupling between the ports of compact 
antenna arrays. The strong coupling causes significant system 
performance degradation. A decoupling network may compensate 
for the mutual coupling. Alternatively, port decoupling can be 
achieved using a modal feed network. In response to an input 
signal at one of the input ports, this feed network excites the 
antenna elements in accordance with one of the eigenvectors of the 
array scattering parameter matrix. In this paper, a novel 
4-element monopole array is described. The feed network of the 
array is implemented as a planar ring-type circuit in stripline 
with four coupled line sections. The new configuration offers a 
significant reduction in size, resulting in a very compact array. 
 
Index Terms—antenna arrays, antenna array feeds, adaptive 
arrays, mutual coupling  
 
I. INTRODUCTION 
PACE-time techniques like diversity reception, adaptive 
beamforming or nulling and direction finding all require 
antenna arrays with multiple ports. A multiport array with 
isolated ports has the ability to provide duplexing functions. As 
a result, multiport antennas usually have the design goal of 
isolated ports and uncorrelated radiation patterns. This goal is 
normally achieved by ensuring a sufficient inter-element 
spacing of at least /2 in order to inhibit the effects of mutual 
coupling. 
For antenna diversity on size-limited platforms (e.g. in 
mobile applications), restrictions on the available space 
demand the use of an element spacing significantly smaller than 
/2. The small element spacing introduces strong mutual 
coupling between the ports of such compact arrays. Due to the 
coupling, the input impedance of the array changes when 
element excitations are varied. Consequently, the array cannot 
be matched for an arbitrary excitation. The strong coupling can 
cause significant system performance degradation [1],[2]. A 
decoupling network may compensate for the mutual coupling 
effects to yield decoupled ports and a fixed input impedance. 
For an n-port array, the decoupling network is a 2n-port 
network with n ports connected to the array elements, while the 
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remaining n ports represent the isolated input ports. It generally 
consists of a symmetrical network of interconnected reactive 
elements and/or transmission line sections and stubs. Various 
implementations of decoupling networks have been described 
in the literature. In its simplest form, the decoupling network 
consists of reactive elements connected between neighboring 
array elements, which effectively cancel the external mutual 
coupling between them. However, this technique is only 
applicable in special cases where the off-diagonal elements of 
the admittance matrix of the original array are all purely 
imaginary [3]-[5]. Decoupling networks for 3-element and 
4-element arrays with arbitrary complex mutual admittances 
were described in [6] and [7]. The decoupling networks 
become increasingly more complex as the number of array 
elements grows. These networks are sometimes larger in size 
than the array itself, which makes the concept less suitable for 
applications where the available space for the antennas is 
limited.  
Recently, an alternative approach to realize port decoupling 
was proposed [8, 9]. Antenna elements are fed via a modal feed 
network where isolation between the new input ports is 
achieved by exploiting the inherent orthogonality of the 
eigenmodes of the array. The input ports can then be matched 
independently. For beam forming, the required element 
weights are obtained as a linear combination of the orthogonal 
eigenvectors. For a symmetrical 2×2 array, the required modal 
feed network basically consists of an 8-port comparator and 
impedance matching circuits. In the example listed in [8], the 
modal feed network was realized using four -3dB 90º 
branchline couplers. While this circuit produced the desired 
response, it was again substantial in size compared to the area 
required for the array. It would therefore be desirable to be able 
to reduce the size of the feed network while retaining the 
attractive properties of such an antenna system. 
In this paper, a novel 2×2 monopole array is described. The 
feed network is implemented as a planar ring-type 8-port 
comparator with four broadside coupled line sections [10]. This 
results in a significant reduction in size. The dimensions of the 
adaptive array are determined by the radiating elements and 
element spacing, since the feed network no longer imposes a 
lower limit on the overall size. 
II. DESIGN OF MODAL FEED NETWORK 
Consider a 2N-port modal feed network connected to an 
N-element array, as shown in Fig. 1. The first N ports are 
denoted as the external ports, while the remaining ports are 
connected to the array are the internal ports. We assume that the 
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array can be modeled as an N-port network with scattering 
parameter matrix Sa. The modal feed network produces the nth 
eigenvector of aS  at the internal ports in response to an input 
signal at external port n.  The scattering parameters of the feed 
network are defined by 
 
    
ei
ie
0 S
S
S 0
. (1) 
1 2[ ]NieS e e e  and Tei ieS S  are N N  sub-matrices, 
where me  is the mth orthonormal eigenvector of 
aS . 
Following the theory presented in [8], the S-parameters of 
combined feed network and array then become 
 1 2diag[ , , ]N   cS  , (2) 
where m is the mth eigenvalue of aS . Since 0ij cS for 
i j , the input ports of the combined network are decoupled. 
However, they are not matched ( 0ii cS ), but this can be 
accomplished through the introduction of appropriate matching 
networks. For a desired element excitation y, the signals 
required at the external ports of the modal feed network are 
obtained from 
  eix S y . (3) 
The S-parameters of a symmetrical 2×2 array are defined by 
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The eigenvalues of aS are given by 1 11 12 13 14
a a a aS S S S     , 
2 11 12 13 14
a a a aS S S S     , 3 11 12 13 14a a a aS S S S      and 
4 11 12 13 14
a a a aS S S S     , and the orthonormal eigenvectors are 
1
1 2 [1, 1, 1, 1]
Te , 12 2 [1, 1, 1, 1]T  e , 13 2 [1, 1, 1, 1]T  e  
and 14 2 [1, 1, 1, 1]
T  e . By substituting these into (1), it is 
clear that the scattering parameters of the modal feed network 
are identical to those of an 8-port comparator circuit.  
For the 2×2 monopole array in [8], the feed network was 
realized using four 90º hybrid couplers. This circuit effectively 
decoupled the array ports, but the area required for the 
microstrip implementation of the comparator was substantially 
larger than the footprint area of the array.  
 
Fig. 1.  2N-port feed network connected to an N-element array. 
In this paper, the feed network is implemented in stripline 
using four broadside coupled hybrids arranged in a ring 
configuration [10], as shown in Fig. 2. The ring has a 
circumference of only 1 wavelength, which makes it very 
compact in size. The substrate was chosen as RT/Duroid 5880 
(r = 2.2) of thickness 20 mil for the top and bottom layers and 5 
mil for center layer. The ideal even and odd mode impedances 
for the coupled line hybrids are 0 120.71eZ    and 
0 20.71oZ   . At the selected center frequency of 2.6 GHz, it 
was calculated that the chosen line width of 0.508 mm would 
yield impedances of approximately 0 114eZ    and 
0 22oZ   , which were deemed to be acceptable. The inner 
radius of the ring is then 13.51 mm and the outer radius is 14.02 
mm.  The additional phase shifters mentioned in [10] that are 
required at some of the ports to produce the proper comparator 
response were implemented as simple line sections. The 
inter-element spacing for the monopoles is 15 mm (≈0.13). 
Each monopole consists of a copper wire which is 1 mm in 
diameter and 29 mm in length. The array elements are placed 
inside the ring. They protrude through Teflon-filled holes in the 
upper ground plane of the stripline structure and are connected 
to the internal ports of the feed network. A photograph of the 
prototype array is shown in Fig. 3.  
 
Fig. 2.  2×2 element monopole array with compact ring-type comparator 
circuit as modal feed network. 
 
 
Fig. 3.  Prototype 2×2 element monopole array with decoupled ports. 
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III. MEASURED RESULTS 
The scattering parameters of the original array were 
measured using an Agilent Technologies 8510C Network 
Analyzer. The results are shown in Fig. 4. Mutual coupling of 
approximately -10 dB at 2.6 GHz is observed. Subsequently, 
the modal feed network (excluding matching stubs) was 
connected to the array and measurements were repeated. The 
results in Fig. 5 clearly show that the ports are now decoupled 
with mutual coupling terms generally suppressed to levels 
below -20 dB. However, in accordance with (2), the ports are 
not matched. With the addition of stub matching networks at 
ports 1 to 4, decoupling and matching are achieved 
simultaneously. The measured S-parameters are shown in Fig. 
6. Some tuning was required in order to achieve resonance at a 
fixed frequency for each of the four eigenmodes. 
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Fig. 4.  Measured scattering parameters of the 2×2 monopole array. The array 
ports are neither decoupled nor matched. 
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Fig. 5.  Measured scattering parameters of the modal feed network connected to 
the 2×2 array. The external ports of the combined network are decoupled. 
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Fig. 6.  Measured scattering parameters of the 2×2 array with matched external 
ports of the modal feed network. 
 
Measured and simulated modal radiation patterns at 2.6 GHz 
are shown in Figs. 7-10.  The measurements were performed in 
an anechoic chamber. The measurement setup consisted of an 
Agilent N5230A network analyzer and AL-4806-3C multi-axis 
position controller from ORBIT/FR Engineering to rotate the 
antenna. Calibration was performed using two horn antennas 
from Q-Par Angus Ltd. The array was fed at one of the four 
input ports of the modal feed network while the remaining 
input ports were terminated in matched loads. These 
terminations absorbed any cross-coupled power at the other 
ports, thus preventing the excitation of more than one 
eigenmode. The pattern measurements were performed while 
rotating the antenna through 360 degrees. 
The simulations were done using the commercial software 
package HFSS [11]. This finite element based code was chosen 
due to its ability to model the asymmetric, finite ground plane. 
The effects of discrepancies in the feed network response were 
accounted for by first analyzing the modal feed network and 
using the respective output voltages for each mode to excite the 
array elements.  Good agreement between the simulated and 
measured results was obtained. From a weighted linear 
combination of the modal patterns, it is possible to construct an 
arbitrary pattern within the 4-dimensional space of radiation 
patterns available from the original array [4]. 
IV. CONCLUSION 
The bandwidth of a decoupled compact array is limited by 
the level of mutual coupling in the original array. This inherent 
limitation cannot be overcome by increasing the bandwidth of 
the impedance matching sections. The only means of 
broadening the usable bandwidth would be to increase the 
element spacing within the ring of the feed network. 
With the modal feed network introduced in this paper, the 
decoupling circuit no longer determines the overall size of the 
array. This makes it suitable for future application in mobile 
devices. The fact that the diameter of the feed network is only 
0.32 also opens up the possibility of using this compact array 
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as an adaptive element in a larger array with conventional /2 
inter-element spacing, i.e. an array of arrays. 
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Fig. 7.  Radiation pattern (normalized) of the 2×2 array for eigenmode 1. 
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Fig. 8.  Radiation pattern (normalized) of the 2×2 array for eigenmode 2. 
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Fig. 9.  Radiation pattern (normalized) of the 2×2 array for eigenmode 3. 
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Fig. 10.  Radiation pattern (normalized) of the 2×2 array for eigenmode 4. 
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